The indicator displacement assay (IDA) is for the first time performed within a metal-organic framework show that the confined space provided by the MOF significantly enhances the supramolecular interactions to make possible the IDA impossible in solution. This work not only demonstrates a novel conceptual approach to fabricate superior fluorescence turn-on sensors using porous materials but also has important implications for supramolecular chemistry in porous materials.
Introduction
Luminescence is a simple, rapid, and highly sensitive signal transduction method, so there has been an ever-escalating interest in the development of chemosensors using luminescent materials. Metal-organic frameworks (MOFs), a huge class of crystalline porous materials built of metal ions/clusters and organic linkers, provide superior platforms for fabricating luminescence sensing systems.
1 The frameworks can be imparted with tunable luminescence through use of variable linkers, metal nodes, guests or inter-component cooperation.
2 The porous matrices can preconcentrate analytes, show size/shape effects, and be modied with diverse functionalities through pre-and post-synthetic methods to provide or improve sensing performance.
1c,3 In particular, analyte-responsive receptors/reporters can be installed into the pores or on the surface through chemical bonds or supramolecular encapsulation.
4 Furthermore, the conned space can allow for more efficient implementation of various sensing mechanisms through enhancing receptor-analyte interactions, 5 promoting electron or energy transfer, 6 and facilitating exciplex formation. 7 A great number of MOFs have been explored as luminescent sensors for a variety of species pertinent to environmental pollution, public safety or medical health.
8 Most of them involve luminescence quenching (turn-off). More attractive but much more challenging is luminescence turnon sensing, where an analyte shows emission in a dark or weakly emissive state or causes an obvious shi in emission wavelength.
9
The turn-on mode can have improved signal-to-noise ratios and anti-interference capability. However, turn-on sensing MOFs are still rare and most have some or other drawbacks, such as insufficiently weak original emission affecting sensitivity/ selectivity, irreversible reactions disenabling material reuse and on-line detection, poor water stability limiting applications under aqueous or humid conditions, and poor manipulability of the mechanism hampering systematic material optimization. The rational design of sensing systems that make full use of the advantages of MOFs and turn-on mechanisms is still challenging.
We propose a rational approach to fabricate turn-on sensors, utilizing the concept of indicator-displacement assays (IDAs) and the conned pore systems of MOFs. The IDA is a popular method to convert receptors into sensors making use of dynamic supramolecular interactions and has led to many sensing ensembles composed of various receptors and uores-cent or colorimetric indicators, targeting analytes of many classes.
10 However, it has not yet been applied to MOFs. We propose that IDA can be performed within the pores of appropriate MOFs. Given the vast structural diversity and modiability of MOFs, it should be possible to integrate both a receptor and uorescent indicator in a MOF by framework functionalization and guest encapsulation. The receptor-indicator interaction could quench the emission from the indicator, giving an OFF state. The introduction of an analyte interacting with the receptor would separate the indicator from the receptor and thus evoke the uorescence of the indicator. The crux for the turn-on sensing is the competition between the analyte and the indicator for interacting with the receptor. We envision that the host-guest interactions could be regulated or enhanced by the conned porous matrices resulting in high sensitivity and selectivity. In addition, the IDA inside a stable MOF should facilitate material regeneration and reuse (Scheme 1).
For a proof-of-concept study, we demonstrate the IDA of amines inside an electron-decient MOF, which proceeds through competing donor-acceptor charge-transfer (CT) interactions. Amines are important substances having wide applications but are also notorious pollutants harmful to human health and the environment.
11 An increasing number of MOFs have been reported to be luminescently responsive to amines, 12 of which only a few show a turn-on response.
13 A judicious strategy toward amine-sensing MOFs is to incorporate electron-decient units, with which electron-rich amines can form CT complexes to induce photophysical changes. Thus, some MOFs bearing a naphthalenediimide or 4,4 0 -bipyridinium unit can sense amines in the turn-off mode, 14 and a dynamic coordination polymer shows a turn-on response to arylamines owing to emissive p-p CT complexation. 5a However, highly sensitive MOFs for sensing amines in aqueous media are still rare. Recently, water-stable ionic MOFs furnished with electrondecient 2,2 0 -bipyridinium and exchangeable anions have been prepared through postsynthetic N-alkylation of a 2,2 0 -bipyridylsupported Zr(IV) MOF (UiO-67-bpy).
15 It has been demonstrated that 
sense alkylamines through reversible color and uorescence changes induced by amine-bipyridinium CT complexation (Scheme 1a). 15c However, the uorescence sensitivity is low owing to the weak uorescence of the MOF and the turn-off mode. We envision that electron-decient MOFs should be nice candidates for turn-on IDAs through dynamic CT interactions. To implement this idea, an electron-rich and uorescent anion (indicator) can be encapsulated into the MOF through anion exchange (Scheme 1b). The CT complexation between bipyridinium and the anion could quench the emission from the anion as well as that from the host. The amine-bipyridinium CT complexation could separate the anion from bipyridinium and thus the uo-rescence of the anion could be turned on. With an appropriate anion, it should be possible to improve not only sensitivity but also selectivity. Here, we report the rst example of the approach, using a MOF (UiO-67-DQ-PsO) integrated with diquat (DQ 2+ ) units as receptor sites and 1-pyrenesulfonate (PsO À ) as the indicator (Scheme 1c). The sensing properties of the precursor MOF (UiO-67-DQ-TfO with TfO À ¼ triate) are also presented rst for comparison. As will be shown, the turn-on IDA of alkylamines in water using UiO-67-DQ-PsO shows dramatically improved sensitivity and anti-interference capability. Other benets of implementing IDA within a MOF and the interactions underlying the IDA mechanism will be discussed. Notably, the space connement effect is critical in enabling the IDA. (Fig. 1) . The N-alkylation ratio and anion exchange ratio were calculated according to integral analyses of the NMR spectra. A maximum N-alkylation ratio of about 65% can be achieved by prolonged reactions, 15d but anion exchange of the highly N-alkylated MOF is incomplete (67%, Fig. S2 †) , perhaps because the pore size of the MOF prevents encapsulation of more PsO À anions, which are much bulkier than TfO À . The incomplete anion exchange has an adverse effect on the sensing properties (see below). Complete anion exchange (the molar ratio of the DQ 2+ cation to the PsO À anion is 1 : 2 as required by charge compensation) was achieved using UiO-67-DQ-TfO with a N-alkylation ratio of 42% ( Fig. 1 ), which was obtained by reducing the duration time of the N-alkylation reaction. Hereaer unless otherwise specied, UiO-67-DQ-TfO refers to the MOF with the 42% modication ratio and UiO-67-DQ-PsO refers to the MOF aer complete anion exchange. It is worth noting that the 1 H NMR peaks of DQ are obviously shied toward a high eld aer anion exchange, while the bpy peaks remain unshied. On the other hand, some PsO À peaks for UiO-67-DQ-PsO are also obviously shied compared with those for NaPsO.
Results and discussion

Synthesis and characterization
The phenomena are indicative of electronic interactions between PsO À and DQ À in solution.
Powder X-ray diffraction (PXRD) proles of UiO-67-DQ-TfO and UiO-67-DQ-PsO are in good agreement with that of UiO-67-bpy ( Fig. 2a) , conrming that the crystalline framework is essentially retained aer postsynthetic N-alkylation and anion exchange. The peak at 2q ¼ 9.4 (index [220] ) increases in relative intensity on going from UiO-67-bpy to UiO-67-DQ-TfO and to UiO-67-DQ-PsO. This is consistent with the general phenomenon that the [220] peaks of UiO-66/67 MOFs (at 12.0
for UiO-66) decrease in intensity and even disappear upon guest removal. 17 XRD simulation for UiO-66/67 reveals that the intensity of the peak is sensitive to the presence/absence of guest species in the pores of the MOFs, so the peak is mainly related to X-ray scattering of the guest. This justies the change of the peak upon encapsulation of large anions. The XRD prole of UiO-67-DQ-PsO shows a small background hump between 20 and 30 (2q), which could be tentatively ascribed to a slight structural degradation during anion exchange. The MOFs show a type-I nitrogen adsorption/desorption isotherm characteristic of microporosity (Fig. 2b) (Fig. S3 †) .
Response of UiO-67-DQ-TfO to amines
The MOF quickly changes from white to orange or red upon exposure to vapors of alkylamines such as butylamine, diethylamine, triethylamine and piperidine (Fig. 3a) . By contrast, aniline vapor leads to a very faint color change only aer prolonged exposure. Various non-amine VOCs (volatile organic compounds), including aliphatic/aromatic hydrocarbons, halohydrocarbons, alcohols, nitriles, amides, ketones, ethers, esters, and pyridines (only a few are shown in Fig. 3a) , cannot cause any detectable color change. The selective chromogenic response to alkylamines is related to the appearance of the strong visible-light absorption band in the solid-state spectra of the amine-treated MOFs ( Fig. 3c and S4 †). The optical properties are reective of CT complex formation between amines and the framework.
15c,18
The precursor MOF UiO-67-bpy shows a negative color response to amines, so it is the DQ 2+ chromophore that interacts with amine molecules. The deep colored UiO-67-DQ-TfO samples aer amine treatment rapidly fade to their original color if treated with gaseous or aqueous HCl (Fig. S5a †) , so it is the amine group that is responsible for the CT interaction. The fading also occurs when washed with water or just kept in open air. To our delight, the UiO-67-type framework remains intact during the colorationdecoloration cycle, as conrmed by PXRD (Fig. S5b †) . The high-contrast, selective and reversible chromogenic properties imply potential applications for visual amine detection, food spoilage monitoring and invisible ink. For naked-eye and portable on-site detection, the test paper prepared by dipcoating lter paper with UiO-67-DQ-TfO dispersion shows an immediate color change when exposed to alkylamine vapors or solutions (Fig. S6 †) . Preliminary experiments indicate that the test paper can detect alkylamine vapors at a low concentration of 5 ppm, which is lower than the detection limits of most previous colorimetric sensors for alkylamine vapors (Table S1 †) .
UiO-67-DQ-TfO uoresces in the solid state and aqueous dispersion. The emission intensity is signicantly reduced aer being treated with alkylamines ( Fig. 3b and c) . Consistent with the selective chromogenic properties, the aniline vapor or solution shows a much weaker quenching effect, and nonamine VOCs do not inuence the emission. Considering that Fig. 1 the emission band overlaps with the CT absorption band of the amine-treated MOF (Fig. 3c) , the quenching effect could be due to Förster resonance energy transfer (FRET) from the framework to the non-emissive CT complex. To evaluate the performance of UiO-67-DQ-TfO for quantitative determination of alkylamines, the emission spectra of the MOF dispersed in water were monitored while butylamine (BA) was incrementally added. As expected, increasing the BA concentration leads to a gradual decrease in the emission intensity (Fig. S7 †) . The plot of I 0 /I versus BA concentration (C) can be tted to the exponential function I 0 /I ¼ A e KC + 1 (Fig. 3d) , where I and I 0 are the emission intensities at 423 nm in the presence and absence of BA, respectively. The limit of detection (LOD) was estimated to be 1.7 Â 10 À4 M by applying the 3s/S convention (s is the standard deviation of the blank measurements, and S is the slope of the I-C plot at a low concentration).
Fluorescence turn-on detection using UiO-67-DQ-PsO
The uorescence spectrum of UiO-67-DQ-PsO dispersed in water is compared with those of UiO-67-DQ-TfO and NaPsO in Fig. 4 . The PsO À solution shows strong emission bands at 376, 395 and 415 nm (l ex ¼ 346 nm), while the emission of UiO-67-DQ-PsO is very weak, even much weaker than that of UiO-67-DQ-TfO. It is clear that encapsulation of PsO À into the MOF efficiently quenches not only the emission from the framework but also that from the organic anion itself. Therefore, UiO-67-DQ-PsO provides an excellent OFF state for potential turn-on sensing. When BA (10 mM) was added to UiO-67-DQ-PsO, the PsO À emission was triggered, so the turn-on sensing was achieved. The enhancement ratio (I/I 0 ) at 395 nm is as high as 25, suggesting a high signal-to-background ratio. The uorescence turn-on is clearly visible to the naked eye under a UV lamp (254 nm) (Fig. 4, inset) .
To evaluate the sensitivity of the turn-on detection system for amine, uorescence titrations were performed by stepwise addition of BA to the aqueous dispersion of UiO-67-DQ (Fig. 5a ). An ultratrace amount of BA (2 nM) causes a high enhancement ratio of 4.3, and the ratio increases linearly with log C BA in the range of 10 À9 to 10 À5 M (I/I 0 ¼ 5.42 log C BA + 52.29, Fig. 5b ). The LOD is estimated to be 1.7 Â 10 À10 M. This implies that UiO-67-DQ-PsO can be used as an ultrasensitive luminescent sensor for quantitative detection of alkylamines in the micro-to subnanomolar range. The LOD value is lower by six orders of magnitude compared to that of the turn-off detection using UiO-67-DQ-TfO, emphasizing the superiority of the IDA method. The alkylamine-responsive uorescence turn-on is also highly selective. Negligible changes of emissions were observed when the aqueous dispersion of UiO-67-DQ-PsO was treated with aniline and a variety of other organic compounds (Fig. 6a) . To determine the interference of excessive aniline with alkylamine sensing, the emission of the UiO-67-DQ-PsO suspension was monitored upon successive addition of BA and incremental amounts of aniline. We found that the emission is only responsive to BA addition and nearly independent of aniline addition, even a large excess of aniline causing no signicant change (Fig. 6b) . The interference rate measured using (I 0 À I)/(I À I 0 ) Â 100% is only 1.0% for 1000 equivalents of aniline (I 0 is the intensity in the copresence of BA and aniline). The trivially low interference rates suggest that the turn-on system has excellent anti-interference capability. For comparison, the turnoff detection of BA using UiO-67-DQ-TfO is strongly interfered with by aniline (Fig. 6b) , the interference rate being 18% at 1 equivalent of aniline and increasing rapidly to 127% at 50 equivalents. The results show that the turn-on IDA using UiO-67-DQ-PsO not only dramatically enhances the sensitivity but also signicantly improves the anti-jamming performance. Dopamine (DA) is an important neurotransmitter and medication. Abnormal concentrations of DA have been correlated with various diseases in the mammalian central nervous system, so accurate determination of DA is important for disease diagnosis and monitoring.
19 To further demonstrate the uorescence turn-on system, UiO-67-DQ-PsO was tested as a sensor for determination of DA in water. The results obtained with DA are similar to those with BA ( Fig. 5c and d) . The enhancement ratio is linear with log C DA , and the LOD is 3.4 Â 10 À10 M. The subnanomolar LOD makes UiO-67-DQ-PsO stands out in sensitivity not only among the few MOFs with available LODs 13c,d,20 but also among materials of various classes 21 reported as luminescence sensors for DA (Table S1 †).
Furthermore, from the economic and environmental viewpoints, it is highly desired that a sensory material can be reused through easy regeneration procedures. However, the reusability of MOF-based sensors is oen limited by their poor stability against solvents (especially water) and analytes. To test the recyclability of UiO-67-DQ-PsO for DA detection, the used solid was isolated from the suspension by centrifugation, washed with water to remove adsorbed DA, dried and then reused for the next run of detection. As shown in Fig. 7a , the OFF state is recovered in the used MOF aer the simple treatments, and the ON state evoked by DA shows no signicant degradation in emission intensity compared with that of the fresh sample. Therefore, the sensor is recyclable aer simple separation and washing. The reusability is endowed by the high structural stability of the ionic MOF against water and amines, which is evidenced by the PXRD measurements before and aer the recycle tests (Fig. 7b) . The facile recoverability and recyclability are some of the advantages of the IDA within a solid porous matrix. The homogeneous nature of traditional IDA processes complicates removal and recovery of receptors/indicators from solutions. UiO-67-DQ-PsO is a two-in-one sensor combining both the receptor and indicator in one stable solid, facilitating recovery. It is notable that for the sake of electroneutrality, the anionic indicator (PsO À ) would not leave the cationic framework during amine-sensing.
Mechanism
To probe the interactions underlying the IDA, the UV-vis spectra of UiO-67-DQ-PsO its precursors (UiO-67-DQ-TfO and NaPsO) (Fig. 8 ) are compared. UiO-67-DQ-PsO shows a shoulder visiblelight absorption that is absent in the precursors, consistent with the color change (Fig. S8 †) . The differences indicate groundstate PsO-DQ CT complexation. As observed for amine-DQ CT complexation in UiO-67-DQ-TfO, the PsO-DQ CT complexation serves to quench the emission of PsO À and the framework, leading to the OFF state of UiO-67-DQ-PsO. The PsO-DQ interactions also occur in solution: as marked in Fig. 1 , some DQ 2+ and PsO À NMR peaks for the digested UiO-67-DQ-PsO are shied compared with the corresponding peaks for the precursors. Aer being treated with BA, both UiO-67-DQ-PsO and UiO-67-DQ-TfO turn red brown and show signicantly increased visible-light absorbance, suggesting the formation of CT complexes between the amine and DQ 2+ in UiO-67-DQPsO. CT interactions between the amine and PsO À can be precluded because NaPsO shows no color and spectral response to amines. The amine-DQ CT complexation serves to separate PsO À from DQ 2+ (but PsO À still remains in the MOF), and the uorescence of the indicator is turned on, completing the IDA mechanism. 10a The high sensitivity implies that the CT interaction of DQ 2+ with alkylamine is stronger than that with PsO À in UiO-67-DQ-PsO. Consistent with the mechanism, the excellent anti-interference capability of the alkylaminesensing system toward aniline can be well justied. Aniline can form weak CT complexes with DQ 2+ in UiO-67-DQ-TfO, interfering with alkylamine detection. However, the amino group of aniline has weaker Lewis basicity (electron-donor strength) and polarity. It can be assumed that the interactions between aniline and DQ 2+ are not sufficiently strong to effectively interfere with the CT complexes between PsO À and DQ 2+ , so aniline cannot induce indicator displacement and does not interfere in the IDA of alkylamines. The mechanism is also supported by some results obtained with different MOF-indicator systems. The mixed-anion MOF obtained by incomplete anion exchange (UiO-67-DQ-PsO-TfO with PsO/TfO ¼ 2, see above) has been tested for BA detection (Fig. S9 †) . No signicant uorescence turn-on was observed at BA concentrations below 1 mM. The LOD is 1.5 Â 10 À5 M, so the detection sensitivity of the mixed-anion MOF is much lower than that of the completely exchanged MOF, which can be justied as follows. In the mixed-anion MOF, not all of the DQ 2+ sites form CT complexes with PsO À . The "free" receptor sites that do not form complexes with the anionic indicators should have priority in interacting with incoming amine molecules. Therefore, the amine cannot separate PsO À from DQ 2+ and the uorescence of PsO À is not turned on until the "free" DQ 2+ sites are used up at a higher amine concentration.
Similar phenomena have been observed in our initial studies using 2-hydroxy-1,3,6-pyrenetrisulfonate (HPTS 3À ) as the uorescent indicator. UiO-67-DQ-HPTS, prepared by complete anion exchange of UiO-67-DQ-TfO with Na 3 HPTS, also shows a uorescence turn-on response to alkylamine (Fig. S10 †) , but the sensitivity is also much lower compared with that of UiO-67-DQ-PsO: as shown in Fig. S11 , † the addition of 10 mM BA to the UiO-67-DQ-HPTS dispersion causes an enhancement ratio of 1.4, which is much lower than that (25) for UiO-67-DQ-PsO under identical conditions. The low sensitivity of UiO-67-DQ-HPTS can be explained as follows. The charge balance dictates that the amount of the trianionic indicator in the MOF is less than that of the dicationic receptor site, and therefore the "free" DQ 2+ sites delay the indicator displacement. The adverse effects of incomplete anion exchange and a higher-charged indicator provides corroborative evidence for the IDA mechanism.
To gain clues as to the possible effects of the conned space in the MOF on the IDA, the interactions of DQ 2+ with PsO À and amine in an unconned environment (i.e., in solution) were probed by monitoring the emission of an NaPsO solution (0.8 mM, equivalent to the amount of UiO-67-DQ-PsO used for sensing experiments) upon successive addition of DQ 2+ and BA (Fig. S12 †) 
Conclusions
In summary, we proposed and demonstrated the IDA-in-MOF approach for the design of uorescence turn-on sensors. The MOF integrated with electron-decient receptor sites and an electron-rich uorescent indicator can efficiently sense alkylamines in water because of indicator displacement through competing CT interactions of the receptor with analytes/ indicators. We demonstrated that implementing IDA within the MOF affords several appreciable benets. The turn-on assay shows dramatically enhanced sensitivity and anti-interference capability compared to the turn-off detection with the indicator-free precursor MOF. The integration of the receptor and indicator into the stable porous solid facilitates the regeneration and recyclability of the IDA ensemble. Furthermore, a strong and positive space-connement effect was demonstrated. The conned space provided by the MOF can regulate the competing supramolecular interactions for an efficient IDA, which may be inefficient and even impossible in solution. Considering the great diversity and modiability of MOFs and the various interactions applicable to IDA, the IDAin-MOF approach should be of general interest for the rational design of superior uorescence turn-on sensors for various analytes. It can also be extended to other porous materials such as porous organic frameworks. This work also has important implications for space-conned supramolecular chemistry in porous solids.
Experimental section
Synthesis of UiO-67-DQ-TfO
UiO-67-bpy and EDT were synthesized according to literature methods. 22 EDT (750 mL) was added to UiO-67-bpy (100 mg, $0.046 mmol) in CHCl 3 (2.5 mL). Aer stirring for 2.5 h at room temperature, the solid was harvested by ltration, washed with ethanol, and then dried in air.
Preparation of UiO-67-DQ-PsO
A freshly prepared sample (100 mg) of UiO-67-DQ-TfO was stirred in the aqueous solution (75 mL) of NaPsO (200 mg) for 5 h. The resulting gray-green solid was isolated, washed with water several times to remove any NaPsO and then dried at room temperature.
Luminescence sensing measurements
UiO-67-DQ-TfO or UiO-67-DQ-PsO (6.0 mg) was dispersed in distilled water (10 mL) and sonicated for 30 min to form a stable milk white suspension. Aer recording the uorescence using 2.5 mL of the dispersion, an aqueous solution containing the analyte with a given concentration was added to the cuvette and stirred for 30 min, and then uorescence was measured.
Preparation of test paper
The lter paper was dipped into a dispersion of UiO-67-DQ-TfO in EtOH (10 mg mL À1 , uniformly dispersed by ultrasonication) for a few seconds and then le to dry at room temperature. The dip-coating and drying procedure was repeated three times.
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